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Abstract
The prognosis of individual patients with transient ischaemic attacks (TIAs) is extremely variable; some patients are at high risk and others at low risk of a serious vascular event. Prediction equations of outcome were developed, based on eight clinical prognostic factors, from a cohort of 469 hospital-referred TIA patients ("training" data set), that enable high (and low) risk patients to be identified and for whom costly and risky treatments may (or may not) be targeted. The study aimed to determine whether these equations are externally valid and can predict outcome, with reliability and discrnimination, in two independent cohorts of TIA patients ("test" data sets): 1653 TIA patients in the UK-TIA aspirin trial and 107 TIA patients in the Oxfordshire Community Stroke Project. Predicted outcomes agreed closely with the observed outcomes in the "test" data sets (reliability) for all outcome events at low five year risk (<30%) but the estimates of risk were less precise in groups predicted to have a high five year risk (>40%/6). The prediction equations were fairly accurate in discriminating between patients who subsequently suffered the outcome event of interest and those who survived free of the event at five years after the TIA, particularly at lower cut-off levels distinguishing high and low risk (for example, <30% vs >30% at five years). It is very difficult to achieve perfect discrimination because there is no single important prognostic factor for TIA patients that indicates whether a patient is going to suffer an event or not. These equations can be used to provide a reliable estimate of the absolute five year risk of a serious vascular event in hospital-referred TIA patients but they cannot, as yet, be used with confidence to distinguish patients at high risk from patients at low risk. (7 Neurol Neurosurg Psychiatry 1993;56:752-759)
As a group, patients with transient ischaemic attacks (TIAs) have an increased risk of stroke and other serious vascular events.1 2 As individuals, however, the prognosis is extremely variable. Now that effective treatments are available for TIA patients,'8 some of which are expensive and risky, 7 8 it is important that patients at high and low risk can be distinguished so that effective but costly and risky treatments can be targeted to the high risk patients in addition to less expensive and safer treatments which can be offered to a wider range of patients.
We have recently developed prediction equations (that is, mathematical models) for TIA patients for three important vascular outcome events (i. stroke, ii. coronary event, and iii. the composite outcome event stroke, myocardial infarction or vascular death). These were based on eight simple clinical variables collected at presentation in a cohort of 469 hospitalreferred patients with TIA due to presumed large vessel atherothromboembolism, small vessel lipohyalinosis or cardiogenic embolism. 9 However, we cautioned against their widespread acceptance because they had not been validated externally in another independent cohort of TIA patients'0 11; only one other attempt has been made to validate a prediction equation for TIA patients but this was unsuccessful, perhaps because the original equation was based on a retrospective study of a rather small number of outcome events.'2 In this paper we examine the external validity of our predictive equations in two independent groups of TIA patients from the UK-TIA aspirin trial"3 and the Oxfordshire Community Stroke Project.' 1415 Patients and methods The original prediction equations for i) firstever stroke, ii) coronary event, and iii) the composite event stroke, myocardial infarction (MI) or vascular death, were derived from a Cox proportional hazards multiple regression analysis of the clinical and survival data of a cohort of 469 hospital-referred TIA patients (the "training" data set).2 9 A prediction equation for stroke, MI or death was also developed (unpublished) to examine the effect of censorship by death before five years on the validation of the prediction equations, and to demonstrate that there were no major qualitative differences in the validity of the equations for all four outcome events that might have been caused by the limited violation of the assumption that any patient who is censored has the same chance of suffering an outcome event as an uncensored individual with similar prognostic variables.
The internal validity (or predictive accuracy) of the equations was examined by applying them to the "training" data set from which they were derived. The external validity of the equations was examined by applying them to two independent "test" data sets: a cohort of 1653 TIA patients in the UK-TIA aspirin trial'3 and 107 TIA patients in the Oxfordshire Community Stroke Project (OCSP).' 1415 For the purposes of this study, 601 patients in the UK-TIA aspirin trial who presented with minor stroke and 13 patients who presented with a TIA that was probably not due to large artery atherothromboembolism, lipohyalinosis or cardiogenic embolism were excluded from the original cohort of 2435 patients to preserve diagnostic uniformity. In addition, 168 TIA patients in the original UK-TIA aspirin trial cohort and 77 TIA patients in the original OCSP cohort who had been included in the hospital-reffered "training" data set were excluded to avoid any overlap between cohorts (this overlap of patients was because all three studies were in progress in Oxford at the same time). The patients in the UK-TIA aspirin trial were all followed up until October 1990.
Two aspects of validity were examined: reliability and discrimination.'6 Reliability is a measure of how well the predictions of the equations correspond with observed outcomes. Discrimination is a measure of how well the equations separate individual patients with good and poor outcomes (that is, at low and high risk). '6 Reliability was assessed by dividing the independent "test" sample of TIA patients into (prognostic) groups according to each patient's predicted probability of an outcome event at five years. We then compared the predicted mean probability of the outcome event of interest in each prognostic group with the "observed" proportion in each group, which was derived from the Kaplan-Meier estimate. '6 17 of the predictions were calculated; the sensitivity being the proportion of patients "observed" to have suffered the outcome event who were predicted to be at high risk of suffering the event, and the specificity being the proportion of patients "observed" to have not suffered the event who were predicted to be at low risk. An odds ratio was also calculated, describing the odds of suffering an event if predicted to be at high risk to the odds of an event if predicted to be at low risk. We then plotted the "sensitivity" (or true positive rate) against "1-specificity" (or false positive rate) of the prediction equation for each of the arbitrarily designated thresholds of probability (or cut-off points) separating high and low risk groups and thereby constructed a receiver-operator characteristic (ROC)'819 graph. The overall accuracy of a prediction equation can be described by the area under the ROC curve, which ranges from 0 to 1. An area of 1-0 indicates perfect discrimination, an area of 0-5 represents no discrimination (that is, the equivalent of a random performance), and values less than 0-5 are associated with a worse-than-random performance.'81 9 The area under the ROG curve can be interpreted as the probability that randomly chosen high and low risk patients will be ranked correctly. Another way of estimating the same quantity (probability of a correct ranking) is by calculating the non-parametric Wilcoxon or Mann-Whitney statistic (W), illustrates overall discriminative validity but also discriminative validity over a range of different cut-off probability thresholds (or risks). It shows how severe the trade-off is between sensitivity and specificity and indicates where the best cut-off point may be. *Slightly different definitions of disease/risk factor between the OCSP and hospital studies; that is, same definitions for hospital series and UK-TIA aspirin trial **an additional 54 (12%) patients were taking placebo in the UK-TIA aspirin trial ***an additional 27 (6%) patients were randomised to "no surgery" in the European Carotid Surgery Trial Predicted risk group (%) Figure 2 Histogram showing the number ofpatients in each predicted risk group who were "observed" to suffer a stroke, MI Results Base-line characteristics (table 1) In comparison with the hospital-referred series, the patients in the UK-TIA aspirin trial were younger and had a higher prevalence of cigarette smokers and a lower prevalence of amaurosis fugax (AFx), hypertension, atrial fibrillation (AF), left ventricular hypertrophy (LVH), peripheral vascular disease, hypercholesterolaemia, and elevated haematocrit. Antiplatelet and anticoagulant therapy were more commonly prescribed in the UK-TIA aspirin trial whereas carotid angiography and endarterectomy were more frequently performed in the hospitalreferred series. The patients in the OCSP were older than the hospital-referred series and had a greater prevalence of women, hypertension, AF, LVH, residual neurological signs, diabetes mellitus and cranial CT scan evidence of a low density area(s) consistent with infarction, and a lower prevalence of AFx, cigarette smokers and carotid bruit. Again, carotid angiography and endarterectomy was performed more frequently in the hospital-referred series while a greater proportion of OCSP patients were treated with anticoagulant therapy.
Validation of the prediction equations (models) In the interests of keeping the size of this paper to a minimum, we will present only the results of the validation studies for stroke, MI or vascular death. The results are available for the other outcome events and the results are similar. a) Reliability Table 2 and fig 1 illustrate the reliability of the prediction equation for stroke, MI or vascular death as tested in the UK-TIA aspirin trial cohort . Fig 1 shows that the predicted and "observed" risks closely follow the diagonal line representing equal predicted and "observed" risks. The estimates of risk were less precise, with wider 95% confidence intervals, in groups predicted to have a high risk (that is, greater than about 40% at five years) because the number of outcome events was small in these groups. Figure 2, Comparison of internal validity and external validity Figure 4 compares the ROC curves of the hospital referred series (internal validation) with the UK-TIA aspirin trial and OCSP cohorts (external validation) for stroke, MI or vascular death at five years. In the UK-TIA aspirin trial cohort, the prediction equations performed best when the cut-off for discriminating between high and low risk was at a low risk level (less than about 30% to 40% risk at five years), corresponding to the right side of the ROC curves. At these lower cut-off levels of risk, there was little difference between the internal and external validation curves, perhaps because the number of patients and outcome events were large and the estimates therefore fairly precise. At cut-off points above about 30 to 40% (refer to fig 3 for approximate location of cut-off points along the ROC curve), the number of patients and outcome events were smaller. Consequently, the results were prone to sampling error and less precise. Similarly, the greater irregularity of estimates in the OCSP reflected the smaller number of patients and outcome events and potential for sampling error.
Discussion
Clinical prediction equations are a form of health care technology which demand the same rigorous evaluation as new diagnostic techniques and interventions. Not only must the outcome events and predictive findings be clearly defined and relevant to medical practice, but the prediction equations must be shown to be valid. Moreover, the "acid test" of a prediction equation is not the quality of prediction that it achieves in the "training" data set from which it was derived (internal validity) but its predictive accuracy (external validity) in other, independent "test" data sets.'0 1' Of course, it is highly unlikely that a prediction equation derived from patients in the "training" data set will fit another data set quite so well.'0 16 In this study, the original prediction equations were validated in two independent STROKE, MYOCARDIAL INFARCTION or VASCULAR DEATH cohorts in terms of reliability (the capacity to accurately predict the chance of an outcome event in groups of patients with a certain predicted risk) and discrimination (the capacity to discriminate which individual patients are going to suffer, and not suffer, an outcome event).
The reliability of the equations was good for lower risk patients (0 to 30% chance of an outcome event in the first five years after a TIA) but for patients at higher risk (for example, above about 30 to 40%), each of the prediction equations tended to consistently overestimate risk. Although the estimates at high predicted risk were more imprecise, with wide 95% confidence intervals, this was not purely a chance effect due to small numbers because the deviation was consistent for all outcome events and all increments of risk. This may be explained by the different incidences of stroke, MI or vascular death in the "training" and "test" data sets and by the phenomenon of regression (of estimates) towards the mean. We have not attempted to calibrate the equations at high risk points because a risk of greater than one in three (33%) of a serious vascular event over the next five years is high risk by anyone's standards and well in excess of the risks of high risk treatments (such as carotid endarterectomy).
The clinical usefulness of a reliable prediction equation is that it allows the risks of the disease to be compared with the risks of a treatment. However, for clinicians confronted with a decision to make about a patient's management, the reliability (or precision) of a prediction equation is probably not as important as its ability to discriminate between individual patients who will suffer the outcome event and those who will not. For example, knowing that a patient has a 15% risk of a stroke in the next five years (with reliability) is not as useful as knowing whether the patient is likely to suffer an event or not (discrimination). In addition, no adjustment or calibration can correct an equation if discrimination deteriorates whereas, with good discrimination, the predictor can be recalibrated to attain better reliability. '6 In this study, the overall discrimination of the prediction equations was significantly better than a random chance performance (the lowest 95% confidence intervals of W did not overlap with 0 5) and there was little difference between the internal and external validation, particularly for low risk patients. However, the overall discrimination was not as high as we would have hoped; the areas under the ROC curves did not even approach one (the highest upper 95% confidence interval for W was 0-83 for stroke, MI or death in the OCSP). However, it must be emphasised that it is an inherently difficult task to discriminate which individual TIA patients are going to suffer, and not suffer, serious vascular events. This is because there is no powerful single clinical prognostic factor for all TIA patients.
Having examined the performance of a prediction equation over a wide range of cutoff points, or thresholds of probability, at which patients at "high risk" and "low risk" are discriminated, it is important to examine the sensitivity and specificity of the prediction equations at different "cut-off" points, and to determine where an acceptable trade-off lies between decreasing the number of false negatives (that is, improving sensitivity) and therefore increasing the number of false-positives (that is, deteriorating specificity), and viceversa. The "best" cut-off may be defined in a number of different ways depending on the management decisions which are to be made on the basis of the patient's predicted risk. Ideally, if the costs and risks of any intervention for a patient with any given level of predicted risk were known, the best cut-off point would be the point at which the penalties of an intervention exceeds the penalties of no intervention. However, where little information is available on the medical and economic penalties of making inappropriate treatment decisions, many other, somewhat arbitrary criteria, exist for selection of cut-off points. These include a) maximising the ratio of odds of an adverse event within the group predicted to be high risk to the odds of an adverse event within the low risk group; b) simply minimising the total number of inappropriate treatment decisions (such as aggressive treatment of someone who would not have had an adverse event, or failure to treat someone who would have had an adverse event), and c) identifying the point at which the ROC curve maximally approaches the upper left hand corner of the box. The problem with these in the context of TIA patients is that the ROC curve is based on a mathe-matical model that is trying to distinguish two distinct (high and low risk) groups. If the two groups were clearly distinct it would be sensible to select a point on the ROC curve that indicated maximum discrimination. However, a cohort of TIA patients is not really made up of two distinct populations but is more a population of people who have a whole range of different probabilities of stroke. Although these probabilities can be calculated with accuracy and reliability it is difficult to discriminate a fairly homogeneous cohort of high or low risk TIA patients. We have discussed the possible best cut-off points for high and low risk on the basis of data from the ROC curves and the odds ratios but acknowledge that more data need to be collected on risks and costs before better decision making processes can be applied.
As the validity of the prediction equations was best at lower cut-off points for high and low risk at five years (<30%), and as there is probably little practical importance of distinguishing a 30% risk from a 50% or 70% risk (they are all high risks), it is presently recommended that the equations be accepted as reliable up to about a 30% risk of an outcome event at five years, and that patients predicted to be at higher risk than that should be classified simply as "high risk". However, a lot more work is needed in this area. In particular, we need to seek whether there is any association between the predicted risk status of a patient and the risk of treatment and to decide over what time period the predicted risks should be examined and compared with the risks of treatment.
The prediction equations that have been adopted most widely in other disorders, such as the acute abdomen20 and head injured patients,2' have all been validated repeatedly in a variety of test data sets. We are also examining the external validity of our prediction equations in the Dutch TIA trial22 and the European Carotid Surgery Trial7 cohorts of TIA patients. The next step will be to determine whether these equations, if and when widely validated, produce clinical benefits that are cost-effective when applied prospectively.10
In addition, it is relevant to consider an important finding, incidental to the aim of this study, that most of the outcome events occur in the TIA patients with lower predicted and "observed" risks. This is the same situation that is seen with other risk factors for stroke, such as blood pressure and cholesterol; most strokes occur in people with a "normal" blood pressure and cholesterol.2'24 Conclusions 1) The process of risk stratification recognises that costly and risky investigations and treatments, such as carotid angiography and endarterectomy, may improve outcome in TIA patients who are at high risk of stroke, despite "best" medical therapy.
2) Costly and risky interventions will have little favourable effect however on the excellent prognosis of TIA patients in the low-risk groups.
3) Our prediction equations, based on eight clinical variables that can be obtained at the bedside, are simple and reliable predictors of stroke and other serious vascular events for groups of TIA patients of similar predicted risk, and are better clinical tools than chance for stratifying individual TIA patients into categories of high and low risk of subsequent serious vascular events. The very similar predictive capacity of the equations in the "training" and "test" populations, particularly at low levels of risk (less than about 30% at five years), indicates that the equations have the potential to be generalised to different TIA populations and provide reasonably accurate prognostic stratification in those patients. However, the equations may perform less well if used in patient populations with a considerably lower prevalence of prognostic factors than the patients in our "training" and "test" cohorts.
4) The role of prediction equations in public health is to distinguish high and low risk patients so only the high risk patients are exposed to costly and risky (but effective) treatments, while the low risk patients are not exposed to these treatments that are potentially dangerous and consume medical resources unnecessarily.
5) Prediction equations should be used with caution; they should not lead to overemphasis on the need to identify and treat only high risk patients because most strokes, and other vascular outcome events, occur in patients who are predicted to be at lower risk (in the same way that most strokes occur in people with "normal" blood pressure and plasma cholesterol, who are considered to be at low risk). This emphasises the complementary benefits of the mass strategy of stroke prevention; simple, inexpensive and safe interventions with modest effects, such as aspirin and vascular risk factor control, need to be given to virtually all TIA patients, in the same way that simple and safe ways of lowering the mean blood pressure and serum cholesterol in the population are needed. The "mass" approach is likely to have a greater public health impact on stroke prevention than the "high risk" approach in which high technology (costly and risky) interventions are offered to the relatively few high risk patients. Dr Hankey was supported by the Chest, Heart 
